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Abstract. Colonies of hydractiniid hydroids consist of

feeding polyps connected by a common gastrovascular

system. The gastrovascular system consists of stolons,

which enclose gastrovascular canals. Stolons may be fused

into a stolonal mat or extend from the periphery of the

colony. Hydractinia forms a stolonal mat early in colony

development; Podocoryne. on the other hand, does not.

To facilitate comparisons of these taxa. we propose a sim-

ple shape metric, perimeter/^ area, and show that this

measure: ( 1 ) correlates closely with relative amounts of

peripheral stolon and stolonal mat structures in Hydrac-
tinia, (2) permits analyses of within- and between-species

variation of growth morphology in Podocoryne and Hy-
dractinia, and (3) allows quantitative analysis of breeding
studies of Hydractinia, both before and after stolonal mat
formation in the progeny.

Introduction

Hydractiniid hydroids encrust hard substrata in the sea.

Hydractinia echinata and related species are commonly
found on the shells of hermit crabs and often exhibit a

species-specific correlation with host hermit crabs (Buss

and Yund, 1989; Cunningham et al, in press). Podocoryne
carnea also encrust hermit crab shells, but commonly in-

habit other substrata as well (Edwards, 1972; Mills, 1976).

Colony development in both taxa begins with the meta-

morphosis of the planula larvae into a primary polyp.

Runner-like stolons extend from the primary polyp. Sto-

lons encase fluid-filled, gastrovascular canals that are con-

tinuous with the gastrovascular cavity of the polyp. Po-

docoryne continues to develop in this way, i.e., by lineal

extension of the stolons, initiation of new stolon tips, and

iteration of feeding polyps on the stolons (Braverman,

1963; McFadden, 1986). Stolons in Hydractinia, however.
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quickly fuse to form a continuous stolonal mat, which

shows sheet-like growth, and from which extend varying

amounts of peripheral stolons (McFadden et al., 1984;

Blackstone and Yund, 1989; Buss and Grosberg, 1990).

Figure 1 provides rough schemata of the differences in

form between these taxa.

While morphological variation within each taxon has

been compared and related to ecological characteristics

(e.g., competitive ability; see McFadden et al.. 1984;

McFadden, 1986; Yund, 1987; Buss and Grosberg, 1990),

quantitative comparisons of between-taxa variation have

been hampered by the differences in growth form, i.e.,

the presence of a stolonal mat in Hydractinia and its ab-

sence in Podocoryne. For instance, competitive ability

among strains of Hydractinia has been shown to correlate

with relative amounts of peripheral stolon and stolonal

mat structures (measured using several methods, see

McFadden et al.. 1984; Yund, 1987; Buss and Grosberg,

1990), but such measures cannot be applied to Podoco-

ryne.

To facilitate comparisons of biological traits between

Podocoryne and Hydractinia. we propose a simple mea-

sure of morphology that can be used in both taxa. We
show that this measure correlates with ratios of peripheral

stolon and stolonal mat structures in Hydractinia. and

we use this measure to examine morphological variation

and its genetic basis both between and within Podocoryne
and Hydractinia. Finally, we relate this variation to eco-

logical, evolutionary, and developmental aspects of these

species and discuss the relevance to other clonal taxa as

well.

Materials and Methods

Growth morphology and shape

Wesuggest treating hydractiniid hydroids as geometric

shapes for purposes of comparison. Weprefer Bookstein's
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(1978: p. 8) definition: "... a shape is an outline-with-

landmarks from which all information about position,

scale, and orientation has been drained," with the qual-

ification that hydroid colonies have no reliable morpho-

logical landmarks. Further, the aspects of hydractiniid

growth morphology of particular interest are essentially

two-dimensional, comprising those portions of the colony

that adhere to the substratum. Although there are so-

phisticated techniques available for the analysis of two-

dimensional shapes-without-landmarks (e.g.. Lohman,

1983; Person et a/.. 1985), we will take a simpler approach.

The terms previously used to categorize hydractiniid

growth morphology (many peripheral stolons = "net

type," few peripheral stolons = "mat type," see Hauen-

schild, 1954) point out an intuitively obvious correlation

between two-dimensional growth morphology and shape.

Colonies with few peripheral stolons often show approx-

imately circular growth forms, while colonies with many

peripheral stolons exhibit more irregular shapes (Fig. 1).

An appropriate "size-free" metric to quantify these dif-

ferences in shape is perimeter f\ area (cj.. Gould, 1973;

Patton. 1975). We point out several properties of this

measure, by way of introducing it to morphological studies

of encrusting clonal organisms. First, regardless of scale,

this measure is constant for a given geometric shape. For

instance, this measure will equal 2\v for a circle, 4 for a

square, =4.5 for an equilateral triangle, = 5.4 for a "first-

aid" sign, = 5.7 for a cross (length of the long arm is twice

that of the three short arms), and so on. In each case,

these values are constant regardless of the actual size of

the object as long as the same units are used to measure

both perimeter and area. Second, while the same geo-

metric shapes will have similar peri meter/]/ area values,

shapes with the same perimeter/} 'area need not be the

same. In fact, for encrusting clonal organisms, no two

shapes are likely to be the same, yet many may have sim-

ilar peri meter/]/ area values. This shape metric thus only

assesses the degree of circularity of a shape. Shapes with

values close to 2^ approach perfect circularity, while

highly non-circular shapes have much larger values.

Third, perimeter/^ area has a minimum at 2 VTT, possible

values thus have a lower bound, and their distributions

may be skewed. Note that this is not unusual; most mor-

phometric measurements have a lower bound at zero and

thus may form skewed distributions. Regardless of the

lower bound (0 or 2 Vir), a log-transformation usually

provides distributions suitable for parametric analysis (see

Sokal and Rohlf, 1981).

The utility of this measure may be visualized by com-

paring a plot of perimeter and area for two sibling Hy-

dractinia colonies (Fig. 2) grown from primary polyps

under standard conditions (see McFadden et at.. 1984).

While the perimeter versus area trajectories fluctuate as

stolons branch and fuse, it is clear that the colony with a

greater amount of stolons projecting from the center has

a larger perimeter for a given area and larger

perimeter/]/ area values. To assess quantitatively the ca-

pacity of this shape metric to assay the amount of pe-

ripheral stolons, we measured the correlation between

perimeter/]/ area and peripheral stolon development for

the 242 Hvdractinia colonies used in a breeding study

(see protocol below). At age 50 days, each colony was

measured using a digital image analysis system. Briefly,

an Eyecom II camera attached to a Wild Makroskop was

used to project each colony onto a black-and-white mon-

itor (640 X 480 pixels; note that the pixels are orthogonal

and that the length of a pixel is the same in either direc-

tion). Points on the video image of each colony were re-

corded with a digitizing tablet interfaced with a DECPDP-

1 1 minicomputer. The outline of each colony was traced

with points at 5 pixel intervals, and the perimeter and

area were computed. The outline of the stolonal mat, i.e.,

the fused stolons (see Fig. 1), was also traced, and the

perimeter and area were measured. Scales ranged from

150 pixels/mm for the smallest colonies to 25 pixels/mm

for the largest colonies. Over this range of observation,

these colonies are not fractal, i.e., they do possess a char-

acteristic scale and do not show self-similarity over the

different scales of observation employed here (although

self-similarity may be apparent using other scales of ob-

servation). Thus, while smaller colonies were measured

with slightly greater resolution, this did not bias the results

in a systematic fashion. Data were transferred to an IBM-

PCand uploaded to an IBM 3083 mainframe where anal-

ysis was done using SAS software.

Comparing peripheral stolon development to colony

shape entails methodologic problems. Logical measures

of peripheral stolon development involve a measure of

the total size of the colony divided by the size of the sto-

lonal mat (e.g., total colony perimeter/stolonal mat pe-

rimeter and total colony area/stolonal mat area). Given

the nature of colony growth (i.e., peripheral stolons pro-

jecting from a central area of stolonal mat. Fig. 1 ), the

extent to which these ratios are greater than 1 will measure

the amount of peripheral stolons. A straightforward pro-

cedure would be to correlate these ratios to the total pe-

rimeter divided by the square root of the total area (i.e.,

the shape metric). However, this could result in autocor-

relation, because both ratios necessarily contain measures

of the overall size of the colony (either total perimeter or

total area). Wemeasured these correlations and then as-

sessed the effects of autocorrelation by adjusting the cor-

related ratios to remove similar variables from each. For

instance, the correlation of the ratio, colony perimeter/

stolonal mat perimeter, to the ratio, peri meter/]/ area, can
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be considered equivalent to the correlation of stolonal

mat perimeter to ^larea if there are no effects of autocor-

relation. Further, we considered the biological meaning

of correlations between stolonal mat size and total colony

size and whether these correlations support our interpre-

tation of the shape metric. Spearman's coefficient of rank

correlation (r v ) was used; this coefficient is less sensitive

to the statistical pecularities of ratios than parametric cor-

relation coefficients (see Sokal and Rohlf, 1981), although

here both coefficients were similar for all correlations.

Shape variation in Podocoryne and Hydractinia

The perimeter/^ area measure was used to compare

morphological variation within and between field-col-

lected colonies of Podocoryne and Hydractinia using the

technique of clonal repeatibility, i.e.. comparing clonal

replicates of the same colony to gauge broad-sense her-

itability (Falconer, 1981). Colonies were collected from

an intertidal site near Guilford, Connecticut, where Po-

docoryne carnea and Hydractinia symbiolongicarpus, a

sibling species of H. echinaia. commonly co-occur (Buss

and Yund, 1989). although Podocoryne is much less

abundant than Hydractinia. When reproductive polyps

are present, these species can be easily distinguished: Po-

docoryne produces free-swimming medusae, while Hy-
dractinia lacks a medusoid stage and produces fixed gon-

ophores (Mills, 1976). Using a dissecting microscope, Po-

docoryne colonies were identified from large collections

of all hydroid-bearing hermit crab shells. Relatively few

colonies contained reproductive polyps; hence, tentative

identifications were made on the basis of general patterns

of colony appearance (in this area, Podocoryne has few

spines and usually co-occurs with algal epibionts) and

feeding polyp morphology (in this area, Podocoryne tends

to have smaller polyps, a more pronounced hypostome,

and shorter, more tapered tentacles). In this way, 60 col-

onies were tentatively identified as Podocoryne and were

labelled with numbered bee tags attached with cyanoac-

rylate adhesive. Colonies were maintained in 40-liter

aquaria with undergravel filters (20 colonies per tank) at

16C. Colonies were fed 3-day-old brine shrimp nauplii

(also grown at 16C) every other day, and 25% of the

water was changed twice a week. In 1-2 weeks all colonies

were reproductive (tentative identifications were correct

in all cases). Medusae from each colony were isolated and

raised in finger bowls at 16C. Each day. medusae were

examined under a dissecting microscope, fed brine shrimp,

and transferred to fresh seawater. Medusae were raised to

sexual maturity (7-14 days), and the sex of the parent

colony was determined by the morphology of the gonads

(Rees, 1941; Edwards, 1972; identity as P. carnea was

also verified by examining the medusae, see Edwards,

1972; Mills, 1976). From the original 60 colonies. 10 male

and 5 female colonies were selected using a pseudo-ran-

dom number generator. Sixty Hydractinia colonies were

haphazardly collected from the same site and maintained

in the same fashion. Compared to Podocoryne. Hydrac-

tinia requires more time to mature (cf. Hauenschild, 1956;

Braverman. 1963), but within two months all colonies

were fully reproductive, whereupon they were sexed, la-

belled, and 10 male and 5 female colonies were selected

with a pseudo-random number generator. Previous in-

vestigations (McFadden et a/.. 1984; Buss and Grosberg,

1 990) have shown that colony morphology does not differ

on the basis of sex; nevertheless, equal numbers of each

sex from each species were included in this study.

For morphological comparisons, colonies were surgi-

cally explanted onto 22 mm2
glass cover slips and held

in place with loops of thread until attachment whereupon

the threads were removed (see McFadden et al.. 1984;

explants of 3-5 feeding polyps were used). Because of the

work involved, comparisons were made using five field-

collected colonies of each species at a time. Five explants

(hereafter "replicates") for each of the five field-collected

colonies (hereafter "strains") for both Podocoryne and

Hydractinia (hereafter "species") were grown in a floating

rack at 16C. Three "racks" were used over a two-month

period; rack is thus a proxy for time effects. Each rack

consisted of two side-by-side rows of slots; cover slips were

arranged so that the five replicates for each strain occupied

consecutive slots; strains of each species were randomly

paired, alternating right and left sides. The formal analysis

thus consists of a four-level nested analysis of variance

(see Sokal and Rohlf, 1981 ). Replicates are nested within

strains, which are nested within species, which are nested

within racks. Such an analysis accounts for all sources of

variation except position within racks. Position effects can

be assessed by designating five positions within each rack;

each position then contains the replicates from a pair of

Podocoryne and Hydractinia strains. The analysis then

becomes replicates within species within positions within

racks. Outcome variables were analyzed in both ways.

Using the above protocols, perimeter/} 'area measures

were taken, and counts of polyps and total area measures

were also recorded. Variables were measured at 7 and 14

days after explanting; specific growth rates (see Blackstone,

1987; Blackstone and Yund, 1989) for polyp (polyp/polyp-

dav) and area (mnr /mnr /-day) were also calculated for

this interval. Each rate was calculated by increment in

number or area (for polyp number and total area respec-

tively) per time increment per initial number or area.

While technically "specific" refers to "divided by mass,"

any measure of size can be used, provided the same units

are used in the numerator and denominator, since a spe-

cific growth rate has units of I/time.
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Breeding studies

While studies of clonal repeatibility can establish broad-

sense heritabilities for a trait, breeding studies can provide

further insight into the nature of the genetic variation

underlying a trait (Falconer, 1981). With the same 5 fe-

male and 10 male Hydractinia colonies used above, 10

crosses (2 males per female) were designated using a

pseudo-random number generator, and additional mating

experiments were done to insure that all individuals be-

longed to the same species (see Buss and Yund, 1989).

Matings were carried out every several days for a month.

Pairs of male and female colonies were isolated in the

dark overnight; morning light triggered gamete release (see

Yund el al, 1987, and references therein). Embryos were

transferred to fresh seawater and kept for 3-4 days with

a daily water change. By this time, embryos had developed

into planulae competent to metamorphose (Plickert et

ai, 1988). Metamorphosis was induced by ionic imbal-

ance (Spindler and Muller, 1972; Weis and Buss, 1987).

Competent planulae were transferred to a 53 mA/ CsCl

solution in seawater. After approximately 4 h, planulae

were placed on glass cover slips in seawater-filled six-well

plates ( 1 planula per well). Attachment and metamor-

phosis occurred within 2 days. Six plates per cross (36

planulae total) were metamorphosed. Colonies were fed

3-day-old brine shrimp nauplii, followed by a complete

water change each day.

Colonies were maintained in an incubator at 12.5C

for 50 days (to a mean size of 1 1 feeding polyps). The

temperature conditions were chosen to reflect the ambient

temperatures in Long Island Sound during the spring and

early summer (Yund et al.. 1987). At this point in the

seasonal cycle, sexual reproduction, recruitment, and in-

traspecific competition occur at high frequencies in this

area (Buss and Yund, 1988). The duration of the exper-

imental period was chosen for the purpose of assessing

colony shape at small colony sizes. Hydractinia planulae

display site-specific settlement on shells, hence the vast

majority of intraspecific competitive encounters occur at

small colony sizes (Yund et al., 1987; Buss and Yund,

1988; Yund and Parker, 1989; see discussion below).

Using the protocols described above, colonies were

measured for area and perimeter as soon as primary polyps

and stolons developed after metamorphosis (<5 days).

Each colony was measured at weekly intervals up to an

age of 50 days (25-50% of the colonies of each cross failed

to survive to this age). Weanalyzed the data using quan-

titative genetic techniques (Falconer. 1981). Because of

the small size of the laboratory population, we suggest

only very limited interpretation of our results with regard

to the natural population of Hydractinia. Rather, we in-

tended to gain further insight into the results suggested

by the clonal repeatibility experiments; is shape largely

genetically determined, i.e.. does shape variation have a

large broad-sense heritability, and further, is there any

evidence that the broad-sense heritability of shape vari-

ation in this laboratory population is due to narrow-sense

heritability? Analyses were done on initial perimeter/

iarea (age <5 days), on mean perimeter/} 'area (for each

colony, all shape measures up to age 50 days were aver-

aged, and this mean value was used as the outcome), and

on final perimeter/} 'area (age
= 50 days). These three

comparisons correspond to before, during, and after sto-

lonal mat formation.

Although our goals were somewhat different from typ-

ical quantitative genetic studies (cf.. Falconer, 1981), we

used standard methods to examine the covariance of full

sibs and the covariance of half sibs. Specifically, the be-

tween-female parent component of variance (i.e., ak . mai^
2

-

the variance between the means of the half-sib families)

estimates COVHS and measures additive genetic variance

(i.e.. narrow-sense heritability, provided maternal effects

are slight). The between-male parent component of vari-

ance, <r mi ,/ t .,

2
. estimates COVFS

- COVHS and measures a

combination of additive and non-additive genetic variance

(i.e.. broad-sense heritability, provided environmental ef-

fects are slight). Insight into additive and non-additive

genetic variance can thus be obtained from a nested anal-

ysis of variance. The F-ratio of the male-parent mean

square to the within-brood mean square will measure ad-

ditive and non-additive genetic variance, while the F-ratio

of the female-parent mean square to the male-parent mean

square will measure additive genetic variance (see results

below). We focus on qualitative interpretations of the

analysis of variance rather than exact calculations of her-

itabilities because of the small size of the laboratory pop-

ulation and the limited goals of our breeding study (see

Mitchell-Olds. 1986; Via, 1988).

To properly gauge the inheritance of shape, we at-

tempted to reduce environmental effects in several ways.

First, because we expected a priori that non-additive ge-

netic variance would be large relative to additive genetic

variance (i.e.. COVFS > COVHS , see discussion below),

each female parent was mated to two male parents. Thus,

any maternal or cytoplasmic effects (see discussion in

Mazer. 1987) will inflate the covariance of the half sibs

and inflate our estimate of additive genetic variance. Sec-

ond, because matings were initiated at slightly different

times and because between-mating environmental vari-

ation could inflate the covariance of the full sibs, envi-

ronmental conditions were closely controlled. In addition

to incubation at a constant temperature, seawater chem-

istry was monitored weekly, and nitrates and nitrites were

maintained at low levels (<9.0 ppm and <0.01 ppm, re-

spectively). Salinity was maintained at =26 ppt. Any



398 N. W. BLACKSTONEAND L. W. BUSS

variation in environmental conditions was slight and

showed no systematic trend over the time course of the

experiment. Finally, colony position effects were assessed.

Stacks of culture plates (6 per mating) were kept on a

single shelf in an incubator and positions were varied daily

in a random manner. Individual plates, however, were

kept in descending order (1-6), and culture wells were

also in fixed positions. Because there was only one colony

per well, wells were pooled into left wells, center wells,

and right wells based on their positions in the six-well

plate. The complete analysis was thus well position nested

within plate, plate nested within male parent, and male

parent nested within female parent. This analysis was car-

ried out for intial and average shape measures. By the age

of 50 days, the 25-50% mortality for each cross rendered

the analysis of well position effects and plate effects un-

reliable because of missing values, and the pooled within-

broods mean square was used as the error variance.

Further insight into environmental effects was gained

by two additional experiments. First, for one of the ma-

ternal half-sib families, three 50-day-old offspring from

each paternal cross were explanted onto snail shells oc-

cupied by hermit crabs and cultured in the 40-liter aquaria

until each colony covered its shell and was fully mature.

The 6 colonies were then compared using the method of

clonal repeatibility described above, i.e., 5 explants from

each colony were grown on cover slips in a floating rack

at 16C and perimeter/} 'area was measured at 10 days
after explanting. These shape measures were then com-

pared to the measures made on the colonies in their first

50 days of growth. Second, two colonies from each of

three crosses were grown in the six-well plates as described

above until they grew to the edge of the coverslip (60-

120 days). Measures of perimeter/^ area were made at

roughly weekly intervals.

Results

Growth morphology and shape

For the 242 50-day-old Hydractinia colonies measured,

indices of peripheral stolon development (total colony

perimeter/stolonal mat perimeter and total colony area/

stolonal mat area) correlate highly with total colony pe-

rimeter divided by the square root of total colony area (r s

= 0.95 and 0.91, respectively). Because the correlated

variables contain similar measures of total colony size

(total perimeter, total area, or the square root of total

area), the possibility of autocorrelation exists. For two

reasons, however, the underlying structure of the data

suggests that autocorrelation has negligible effects.

First, adjusting the correlated ratios to remove similar

variables from each does not alter the correlations. Sto-

lonal mat perimeter is highly correlated with the square

root of total colony area (r>
= 0.94; note that r, is insen-

sitive to transformations of the correlated variables so that

the correlation of stolonal mat perimeter and total colony
area is also 0.94). Additionally, total colony perimeter is

highly correlated with the ratio (total colony area)
3/:

/sto-

lonal mat area (r,
=

0.92).

Second, either measure of stolonal mat size (perimeter

or area) shows a high correlation with total colony area

(r,
= 0.94 and 0.92, respectively) but much weaker cor-

relations with total colony perimeter (r s

= 0.63 and 0.53,

respectively). Stolonal mat size is thus indicative of total

colony area, but less so of total colony perimeter. These

results are consistent with the stolonal mat showing cir-

cular growth in these small colonies, and deviations from

circular growth being caused by peripheral stolons.

Shape variation in Podocoryne and Hydractinia

Measures of perimeter/^ 'area for both 7 and 14 days

after explanting show that Hydractinia has more circular

shapes than Podocoryne (Table I). To analyze these data,

a natural logarithmic transformation was done to better

meet the assumptions of the analysis of variance. The log-

transformed data were first analyzed to assess the effects

of the positions of the colonies within the racks, i.e., rep-

licates nested within species nested within positions nested

within racks. Because of the different numbers of replicates

Table I

Shape variation in 15 strains of Podocoryne and Hydractinia
3

Podocoryne Hydractinia

Strain" n Age 7 Age 14 Age 7 Age 14

1
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(some replicates were lost due to mortality, see Table I),

the nested ANOVAswere unbalanced, although exami-

nation of the coefficients of the variance components in-

dicated a high reliability of the F-tests carried out (see

discussion in Sokal and Rohlf, 1981). At day 7, there is

a strong effect of species (F = 26.95. d.f. = 15, 98, P
0.001). but no effect of position (F = 0.06, d.f. = 12,

15, P> 0.99) or rack (F = 1.05. d.f. = 2, 12, P> 0.35).

Similarly, at day 14, species shows a strong effect (F
= 26.96, d.f. == 15, 96, P <s 0.001), while position (F
= 0.19, d.f. = 12, 15, P> 0.99) and rack (F = 0.70. d.f.

= 2, 1 2, P > 0.50) do not. Based on this analysis, position

effects were dropped from the model: this allowed in-

cluding the strain effects (i.e.. replicates within strains

within species within racks, see Table II). Again, because

of the different numbers of replicates, this ANOVAis also

unbalanced. Examination of the coefficients of the vari-

ance components (Table II) suggests that F-ratios should

be reliable; in particular, the F-ratio assessing the effects

of racks (i.e., MSmi A7MSwat ,,) is highly reliable, while the

F-ratio assessing the effects of species (i.e.. MS,,,,,,,.,/

MS
S ,,,,,,, S ) is slightly conservative. The results are similar

to the first analysis; there is no effect of racks (F = 0.02,

d.f. =
2, 3, P > 0.95) and a strong effect of species (F

= 20.45, d.f. =
3, 24, P << 0.001 ). Further, strains within

species show significant variation (F = 4.99, d.f. = 24, 98,

P <$ 0.001 ). Results at 14 days are similar; racks show no

effect (F = 0.03, d.f. =
2. 3, P > 0.95), while species (F

=
1 2.94, d.f. =

3, 24, P 0.00 1 ) and strains (F = 8. 1 1 ,

d.f. = 24, 96. P <t 0.001) show strong effects.

In addition to shape differences, Podocoryne exhibits

faster growth rates than Hydractinia (Table III). Specific

growth rates of polyps show no effect of racks (F = 0.21,

d.f. =
2, 3, P > 0.80), but significant effects of species (F

= 11. 75. d.f. =
3, 24, P<s 0.001) and of strains (F = 3.79,

d.f. = 24, 96, P < 0.001). Similarly, specific growth rates

of colony areas show no effect of racks (F = 0.35, d.f. = 2,

3, P > 0.70), a moderate effect of species (F = 6.70, d.f.

Table II

AnulvMs i>l variance table for log-transformed shape measures at day 7

ot the i'lonul repeatibility experiment

Table III

Speeifie growth rales fur 15 strains ot Podocoryne and Hydractinia
3

Source

Mean

d.f. square Composition of mean square

Between racks 2 0.104 a em,,

2 + 4.00(7 ,,- + 20.00<7
J( , m,

+ 40.00(7 , Mc
Between species within 3 10.897 a frmr

2 + 4.02(7
,, ra ,,,

:
-I- 20.08(7

,,,,,,

racks

Between strains within 24 0.497 a t , rm
2 + 4.22a,, ra ,, :

2

species

Between replicates 98 0.099 o-,, rror

2

Podocoryne Hvdraciinta

Strain
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Table IV

/
' ve valislicsfor the 10 crosses used in the breeding st o)
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Figure 2. Perimeter versus area plots for two sibling Hydractinia

colonies measured every other day for the first 5 weeks of ontogeny.

Camera lucida tracings (not to scale) and shape measures (perim-

eterffarea) are shown for some of the data points. While shapes fluctuate

as stolons branch and fuse, the two colonies exhibit distinct trajectories

in perimeter versus area space.

ony, and, in particular, either method shows the differ-

ences between the crosses. At 50 days, cross 15X11 pro-

duced significantly more irregular shapes than cross 15

X 13 (Table IV); analysis of the clonal repeatibility data

shows the same pattern. If the log-transformed shape data

are analyzed as replicates nested within crosses nested

within positions, there is an effect of cross (F =
7.9, d.f.

=
3, 24, P < 0.001), but no effect of position (F = 0.05,

d.f. =
2, 3, P > 0.90). Analyzing the data as replicates

nested within strains nested within crosses provides a

similar result (no significant effect of strains F = 0.92, d.f.

= 4, 24, P > 0.45. but a significant effect of crosses F

= 22. 7, d.f. = 1.4, P< 0.01). In either case, cross 15 X 11

exhibits significantly more irregular shapes than cross 1 5

X 1 3. This supports the findings of the breeding experi-

ment and suggests that the differences between crosses are

not the result of some undetected environmental factor

varying over time.

The 6 colonies from 3 different crosses (12 X 7, 5 X 8,

and 3 X 4 in Table IV) which were grown beyond 50 days

(Fig. 4) show some variation in colony shape, but also

suggest that differences among crosses are maintained at

larger sizes. For instance, at 1 10 days, the 4 colonies which

had not yet reached the edges of the cover slips suggest

the same differences in shape, which were apparent for

the complete crosses at 50 days (Table IV; for perim-

eter/^ area, 5 X 8 > 1 2 X 7 > 3 X 4).

Discussion

These results have implications with regard to mor-

phological variation in hydractiniid hydroidsand in other

clonal taxa as well. Wediscuss ( 1 ) the biological basis of

shape in hydractiniid hydroids, (2) the implications of the

Hydractinia breeding studies, (3) the general phenomenon

of heterochrony in hydractiniid hydroids, and (4) the rel-

evance of these results to other clonal taxa.

172(09)
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10-
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84(1 8)

10 20 30
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Figure 3. Shapes (pernnelcr/^area) of 6 colonies from one of the

maternal half-sib families (3 from 15 x 11, shown by circles, 3 from 15

13. shown by squares: the crosses are designated as in Table IV) for

the first 50 days of growth (lines connect points for each individual).

These colonies were grown to maturity on hermit crab shells and then

explanted and measured for shape again. Numbers adjacent to the symbol

for the 50-day shape value show the means, with standard errors in

parentheses, for 5 replicates of each colony 10 days after explanting.

Despite differences in culture conditions, the clonal repeatibility shape

measures and the shape measures for the first 50 days both suggest that

colonies from 15- 11 have more irregular shapes than those from 1 5

x 13.
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Figure 4. Two colonies from each of 3 crosses (5x8, circles; 12

x 7, squares; and 3x4, triangles; the crosses are designated as in Table

IV) were grown beyond 50 days on glass cover slips and measured for

shape (perimeter /y area). Lines connect values for each colony: 2 colonies

reached the edges of the cover slips in <80 days; the remaining 4 were

grown for over 100 days. While shapes fluctuate, at 1 10 days these 4

colonies suggest shape differences which were apparent for all colonies

of each cross at 50 days (Table IV; 5 x 8 > 12 X 7 > 3 X 4).

The biological basis of shape

The results presented show a strong correlation between

measures of peripheral stolon development and pcrim-

eter/^area in Hydractinia. Previous work (McFadden et

al.. 1984; Yund, 1987; Buss and Grosberg, 1990) suggests

that peripheral stolon development is correlated

with competitive ability in Hydractinia. Thus, shape as mea-

sured by perimeter/} 'area will show a similar correlation.

Further, Podocoryne shows more irregular shapes than

Hydractinia and thus greater peripheral stolon develop-

ment; this result agrees with its competitive dominance

over Hydractinia in laboratory studies (McFadden, 1986).

The correlations of shape with competitive ability can

make measures of shape useful to biologists, but clearly

shape differences are not causally related to competitive

ability (see discussion below). Rather, shape, competitive

ability, and peripheral stolon development are likely cor-

related consequences of the underlying dynamics of

growth in these hydroids.

Shape measures bear a clearly interpretable relation-

ship to these growth dynamics. Examining Figure 1 suggests

that perimeter/M area will measure the degree to which

stolons extend from a central ring stolon or network of

ring stolons. Stolons encase the gastrovascular canals; the

combined actions of stolons and, in particular, muscular

polyps drive the gastrovascular fluid through the canals

and nourish the colony (see Schierwater et al.. in press).

Since the gastrovascular system is closed, peripheral sto-

lons are essentially dead-end channels, and a considerable

pressure is likely necessary to supply these stolons with

fluid. Contrast this to the situation in a ring stolon or

network of ring stolons well-supplied by polyps: here, flow

can proceed from polyp to polyp with relatively little ex-

ertion of pressure. Hence, the amount of peripheral stolons

and the degree of non-circularity of colony shape are likely

to be measures of the ability of the colony to maintain

the energetic and physiological costs of supplying these

peripheral elements with gastrovascular flow.

Hydractinia breeding studies

Generally, the clonal repeatibility experiments and the

breeding experiments produced compatible results for the

15 strains of Hydractinia, despite differences in culture

conditions. For instance, the fastest and slowest growing

strains ( 1 and 2, measured by polyp specific growth rates)

produce the fastest and slowest growing offspring (14X1
and 12X2, measured by polyp number at 50 days), the

strain with the most irregular shape ( 1 5) in one cross pro-

duced offspring with the most irregular shapes ( 15 X 11),

and strains with nearly circular shapes ( 3 and 4) produced

nearly circular offspring (3 X 4). The somewhat circular

shape of colony 2 seems at variance with the irregular

shapes of 12 X 2; however, this likely indicates the limi-

tations of comparing developing colonies to clonal ex-

plants. Colony 2 shows extremely slow growth as do its

offspring ( 12 X 2). It is likely that this slow growth reflects

equally slow development of adult colony form and or-

ganization. The irregular shapes of young 12X2 colonies

may indicate a slow transition from early colony devel-

opment to adult morphology.

Despite the agreement of the results of the clonal re-

peatibility experiments and the breeding experiments, the

latter can provide classes of information which are not

available from the former. While only a small breeding

study was carried out here, it is, to our knowledge, the

first example of carefully controlled crosses for a clonal

organism. To stimulate further such work, we will discuss

the general value of such data. Clonal repeatibility studies

demonstrate a significant broad-sense heritability of the

shape variation (the strain-within-species effect in the

ANOVAs). The breeding studies not only demonstrate a

significant broad-sense heritability (the effect of the male

parent in the ANOVAs), but also provide information on

the sorts of genetic variation that constitute this broad-
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sense heritability. For the three analyses (initial, average,

and final shape measures), MS
/l ., mj / t

.

v /MS,,,,,/ ( .,
is roughly 1

(0.98, 0.44, and 1 .23 respectively, see Results) and in each

case is non-significant. This suggests that the covariance

of the half-sibs is small, that is, progeny from the same

maternal half-sib family are not appreciably more similar

to each other than to unrelated progeny. On the other

hand, the covariance of the full-sibs is high (hence the

large effect of the male parent). If environmental effects

are slight, these results suggest that non-additive genetic

variance constitutes the bulk of the broad-sense heritability

of shape in this small laboratory population. This result

is bolstered by the additional study of one of the maternal

half-sib families (progeny of female 15, i.e., crosses 15

X 1 1 and 15 X 13). Using clonal repeatibility, this study

shows that the difference between the full-sib families does

not depend on some undetected environmental factor.

Thus, it is possible that within this small laboratory

population of Hydractinia. the genes controlling shape

variation show high levels of dominance and epistasis.

This result is supported by examining the data qualita-

tively. In Table IV, paternal full-sib families are very sim-

ilar (e.g., note the low standard errors). Nevertheless,

within a particular maternal half-sib family, full-sib fam-

ilies are often very different (e.g., progeny of females 3,

12, and 15). Thus, the expression of the shape phenotype

seems to depend on the interactions between the maternal

and paternal genes (i.e., dominance and epistasis). This

result is intriguing in view of what is known about the

ecology of this species. An increasing body of evidence

suggests that competition for space has resulted in selec-

tion on growth morphology in Hydractinia species.

Briefly, when two or more colonies of the same size encrust

the same substratum, the colony with the greater periph-

eral stolon development will predominate (Buss et til.,

1984; Yund et ai, 1987; Buss and Grosberg, 1990). be-

cause peripheral stolons are capable of differentiating into

a specialized aggressive organ, the hyperplastic stolon

(Buss et ai, 1984; Lange et a!.. 1989). Further, such com-

petition is common in nature (Buss and Yund, 1988;

Yund and Parker, 1989), and geographic variation in

growth morphology correlates with the frequency of com-

petition (Yund, 1987). Nevertheless, while this evidence

suggests that natural selection favors colonies with exten-

sive peripheral stolon development, colonies with little

peripheral stolon development are present in the popu-

lation of Hydractinia symbiolongicarpus sampled (see

shape measures in Table I, and see McFadden et ai, 1984)

and in other Hydractinia populations (Yund, 1987).

The results of the breeding experiment indicate a pos-

sible explanation for the maintenance of morphological

variation in Hydractinia populations. While limits to the

effects of natural selection are usually caused by counter-

vailing selection, rather than exhaustion of additive genetic

variance (see Lande, 1988), the latter has been implicated

in a number of studies (e.g., see Falconer, 1981; Lynch

and Sulzbach, 1984; Hilbish and Koehn, 1985; Berven,

1987; Travis et ai. 1987; Emerson et ai, 1988; Gibbs,

1988). Possibly, this has occurred in Hydractinia popu-

lations, i.e., natural selection has removed much of the

additive genetic variation controlling peripheral stolon

development, and what remains may be largely non-ad-

ditive (i.e., subject to epistatic and dominance effects) and

thus masked from selection. We suggest this only as a

possibility for directing future work; the small size of the

laboratory population of Hydractinia precludes any firm

generalization to natural populations.

Heterochrony in hydractiniid hydroids

Using morphological criteria, Podocoryne and Hy-

dractinia have been grouped in the same family (e.g.,

Mills. 1976), and mtDNAsequence data strongly support

this interpretation (C. Cunningham, pers. comm.). In this

phylogenetic context, variation between Podocoryne and

Hydractinia can be described in terms of general patterns

ofheterochrony (Gould, 1977). As Gould points out, cer-

tain morphological traits often correlate with suites of life

history characteristics. This seems to be the case with Po-

docoryne and Hydractinia. Relative to the latter, Podo-

coryne grow and mature rapidly (see Hauenschild, 1956;

Braverman, 1963), produce energetically inexpensive

medusae (cf. Schierwater, 1989; Schierwater and Hauen-

schild, 1990), and disperse widely to new and varied sub-

strata (Podocoryne have swimming medusae and larvae,

while Hydractinia lack medusae and have crawling lar-

vae). Further, the morphology of Podocoryne can be re-

garded as juvenilized relative to Hydractinia. Wheneither

hydroid fully covers the substratum, stolons form densely

packed structures (a fused stolonal mat in Hydractinia,

and a structure resembling a stolonal mat in Podocoryne).

Such a structure is thus the final developmental stage in

both taxa. Hydractinia, however, always forms some sto-

lonal mat early in its colony development, and in many
cases much of the young colony consists of stolonal mat

(hence the nearly circular shapes of some Hydractinia

strains). Very young (and sexually immature) Hydractinia

thus attain a developmental stage (i.e.. fused stolonal mat

and nearly circular shape) that is only approached by fully

mature Podocoryne. The latter can thus be regarded as

paedomorphic or the former peramorphic (see Alberch

etal, 1979).

Shape variation in clonal organisms

Many clonal plants, fungi, and invertebrate animals

are composed of clonally iterated food-gathering units (i.e..
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ramets) connected by vascular canals ( '.#.. stolons or rhi-

zomes) that adhere to the substratum (Boardman el ai,

1973: Larwood and Rosen, 1979; Jackson cl at., 1985;

Harper etai, 1986). Clonal morphologies of this sort vary

markedly in the development of peripheral stolons or rhi-

zomes (Buss, 1979; Jackson, 1979; Lovett-Doust, 1981;

Harper, 1985). The approach used here to measure vari-

ation in peripheral stolon development in hydractiniid

hydroids may prove useful in other analyses of clonal

form. Simple shape measures such as perimete r/\area can

easily be acquired from properly lighted specimens with

a simple pixel gradient detector (provided by most com-

mercially available image analysis software). Use of such

characters may have considerable technical advantages
for the analysis of ontogenetic and phylogenetic changes
in colony form.

Acknowledgments

The Peabody Museum Morphometrics Laboratory, the

Social Sciences Statistics Laboratory, and the Yale Com-

puter Center were used for image analysis and data anal-

ysis. Comments were provided by M. Dick, R. Lange, B.

Schierwater, and two reviewers. The National Science

Foundation (BSR-88-05961) provided support.

Literature Cited

Albcrch P., S. J. Gould, G. F. Osier, and D. B. Wake. 1979. Size and

shape in ontogeny and phylogeny. Paleobiology 5: 296-317.

Berven, K. A. 1987. The heritable basis of variation in larval devel-

opmental patterns within populations of the wood frog (Rana syl-

valica). Evolutional: 1088-1097.

Blackstone, N. W. 1987. Specific growth rates of parts in a hermit

crab: a reductionist approach to the study of allometry. J. Zoo/. Land.

211:531-545.

Blackstone, N. W., and P. O. Vund. 1989. Morphological variation in

a colonial marine hydroid: a comparison of size-based and age-based

heterochrony. Paleobiology 15: 1-10.

Boardman, R. S., A. H. Cheetam, and W. A. Oliver. 1973. Animal

Colonies, Development, ami Function through Time. Dowden,

Hutchinson. and Ross. Stroundberg. PA.

Bookstein, F. L. 1978. The Measurement of Biological Shape and Shape

Change. Lecture Notes in Biomathematics. No. 24. Springer- Verlag.

New York.

Braverman, M. 1963. Studies of hydroid differentiation II. Colony

growth and the initiation of sexuality. J. Embryol. Exp. Morphol.
11: 239-253.

Buss, L. W. 1979. Habitat selection, directional growth, and spatial

refuges: why colonial animals have more hiding places. Pp. 459-497

in Biology and Systematic! of Colonial Organisms, G. Larwood and

B. Rosen, eds. Academic Press, London.

Buss, L. W., and P. O. Vund. 1988. A comparison of recent and his-

torical populations of the colonial hydroid Hydractinia. Ecology 69:

646-654.

Buss, L. W., and P. O. Yund. 1989. A sibling species group of Hy-
dractinia in the northeastern United States. J. Mar. Biol. Assoc.

U. K. 69: 857-874.

Buss, L. W., and R. K. Grosberg. 1990. Morphogenetic basis for phe-

notypic differences in hydroid competitive behavior. Nature 343: 63-

66.

Buss, L. W., C. S. McFadden, and D. R. Keene. 1984. Biology of hy-

dractiniid hydroids. 2. Histocompatibility effector system/competitive

mechanism mediated by nematocyst discharge. Biol. Bull. 167: 139-

158.

Cunningham, C. W'., L. W. Buss, and C. Anderson, (in press). Molecular

and geologic evidence of shared history between hermit crabs and

the symbiotic genus Hydractinia. Evolution.

Edwards, C. 1972. The hydroids and the medusae Podocoryne areolala.

P horcalis. and l> earned .1 Mar Biol Assoc. i' K 52: 97-144.

Emerson. S. B., J. Travis, and M. Blouin. 1988. Evaluating a hypothesis

about heterochrony: larval life-history traits and juvenile hind-limb

morphology in Hyla crucifer. Evolution 42: 68-78.

Falconer. D. S. 1981. Introduction to Quantitative Genetics. 2nd ed.

Longman, London.

Person, S., V. J. Rohlf, and R. K. koehn. 1985. Measuring shape vari-

ation of two-dimensional outlines. Sysl. Zoo/. 34: 59-68.

Gibbs, II. L. 1988. Hentability and selection on clutch size in Darwin's

medium ground finches (Geospiza fortis). Evolution 42: 750-762.

Gould, S. J. 1973. The shape of things to come. Syst. Zoo/ 22: 401-

404.

Gould, S. J. 1977. Ontogeny and Phytogeny Harvard University Press,

Cambridge, MA.

Harper, J. L. 1985. Modules, branches, and capture of resources. Pp.

1-33 in Biology and Systematic! of Colonial Organisms, G. Larwood

and B. Rosen, eds. Academic Press. London.

Harper, J. L., B. R. Rosen, and J. White (eds.). 1986. The Growth

and Form of Modular Organisms. Royal Society Press, London.

Hauenschild, C. 1954. Genetische entwicklungphysiologische Unter-

suchungen uber Interse-xualitat und Gewebevertraglichkeit bei Hy-

dractinia echinata. Roux's Arehiv. fur Enlwicklungsmech. 147: 1-

41.

Hauenschild, C. 1956. Uber die VererbungeinerGewebevertraglichkeit-

Eigenschaft bei den Hydroidpolypen Hydractinia echinata. Z. Na-

liirforscli. lib: 132-138.

Hilbish, T. J., and R. K. Koehn. 1985. Dominance in physiological

phenotypes and fitness at an enzyme locus. Science 229: 52-54.

Jackson, J. B. C. 1979. Morphological strategies of sessile animals.

Pp. 499-555 in Biology and Systematic! of Colonial Organisms, G.

Larwood and B. Rosen, eds. Academic Press, London.

Jackson, J. B. C, L. W. Buss, and R. E. Cook (eds.). 1985. Population

Biology and Evolution of Clonal Organisms. Yale University Press,

New Haven. CT.

Lande, R. 1988. Quantitative genetics and evolutionary theory. Pp.

7 1 -84 in Quantitative Genetics. B. S. Weir, E. J. Eisen. M. M. Good-

man, and G. Namkoong, eds. Sinauer, Sunderland. MA.

Lange, R., G. Pliekert, and W. A. Muller. 1989. Histoincompatibility

in a low invertebrate. Hydractinia echinata: analysis of a mechanism

of rejection. J. E.\y>. Zoo/. 249: 284-292.

Larwood, G., and B. Rosen (eds.). 1979. Biology and Systematic! of

Colonial Organisms. Academic Press. London.

Lohman, G. P. 1983. Eigenshape analysis of microfossils: a general

morphometnc procedure for describing changes in shape. Math. Geol.

15:659-672.

Lovett-Doust, L. 1981. Population dynamics and local specialization

in a clonal perennial (Ranunculus repens). I. The dynamics of ramets

in contrasting habitats. ./. Ecol. 69: 743-755.

Lynch, C. B., and D. S. Sulzbach. 1984. Quantitative genetic analysis

of temperature regulation in Atits musculus. II. Diallel analysis of

individual traits. Evolution 38: 527-540.

Mazer, S. J. 1987. Parental effects on seed development and seed yield



HYDRACTINIID HYDROIDSHAPE 405

in Raphanux raphanistrwn: implications for natural and sexual se-

lection. Evolution 41: 355-371.

McFadden, C. S. 1986. Laboratory evidence for a size refuge in com-

petitive interactions between the hydroids Hydractinia echinata

(Flemming) and Podocoryne ainiea(Sars). Bid Bui/. 171: 161-174.

McFadden, C. S., M. J. McFarland, and L. \V. Buss. 1984. Biology

of hydractiniid hydroids. I. Colony ontogeny in Hydractinia cchinaia

(Hemming). Bio/. Bull. 166: 54-67.

Mills, C. E. 1976. Podocoryne se/ena. a new species of hydroid from

the Gulf of Mexico, and a comparison with Hydractinia cchinaia

Bioi Bull. 151: 214-224.

Mitchell-Olds, I. 1986. Quantitative genetics of survival and growth

in Impatiem capensis. Evolution 40: 107-116.

Patton, D. R. 1975. A diversity index for quantifying habitat "edge."

l\'ildl. Soc. Bull 3: 171-173.

Plickert, G., M. Kroiher, and H. Munk. 1988. Cell proliferation and

early differentiation during embryonic development and metamor-

phosis of Hvdraciinia echinata. Development 103: 795-803.

Rees, W. J. 1941. On life history and developmental stages of the

medusa Padocoryne borealis. J Mar. Biol. Assnc. Plymouth 25: 309-

316.

Schierwater, B. 1989. Experimented Studien zu den energetischen

Kosten der Fortptlanzung bei sexuellem versus vegetativem Modus

an Eleitthmu dicholoma (Athecata, Hydrozoa) und Sly/aria laiiislris

(Naididae. Oligochaeta). Ph.D. Thesis. University of Braunschweig,

Braunschweig, FRO.

Schierwater. B., and C. Hauenschild. 1990. The position and conse-

quences of a vegetative mode of reproduction in the life cycle of a

hydromedusa and an oligochaete worm. Pp. 37-42 in Advances in

Invertebrate Reproduction 5. M. Hoshi and O. Yamashita, eds. El-

sevier. Amsterdam.

Schierwater, B., B. Piekos, and L. \V. Buss, (in press). Hydroid stolon

contractions mediated by contractile vacuoles. J. E.\p. Biol

Sokal, R. R., and F. J. Rohlf. 1981. Biometry. 2nded. W. H. Freeman,

San Francisco.

Spindler, A. N., and \V. A. Muller. 1972. Induction of metamorphosis

by bacteria and by lithium pulse in the larvae of Hydractinia echinata

(Hydrozoa). Wilhelm Roux' Arch. Entwicklungsmech, Org 169:271-

280.

Travis, J., S. B. Emerson, and M. Bluuin. 1987. A quantitative genetic

analysis of larval life history traits in Ilyla crueller. Evolution 41:

145-156.

Via, S. 1988. Estimating variance components: reply to Groeters. Evo-

lution 42: 633-634.

Weis, V. M., and L. W. Buss. 1987. infrastructure of metamorphosis

in Hvdraciinia cchinaia. Poxlilla 199.

Yund, P. O. 1987. Intraspecific competition and the maintenance of

morphological variation in the colonial marine hydroid Hydractinia

symbioacadianus. Ph.D. Thesis. Yale LIniversity, New Haven. CT.

Yund, P. O., C. W. Cunningham, and L. \V. Buss. 1987. Recruitment

and postrecruitment interactions in a colonial hydroid. Ecology 68:

971-982.

Yund, P. O., and H. M. Parker. 1989. Population structure of the

colonial hydroid Hydractinia sp. nov. C in the Gulf of Maine. /

Exp. Mar. Biol. Ecol 125: 63-82.


